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As metazoan cells reach the later stages of mitosis,
nuclear pore complexes and other structural ele-
ments of the nuclear envelope reassemble along the
surface of the chromatin. Recent studies have estab-
lished a pivotal role for a subcomplex of nucleoporins,
a karyopherin and the GTPase Ran in the initial stages
of nuclear pore complex formation. 
The chromatin in every eukaryotic cell is encapsulated
in the nucleus by the nuclear envelope, which
physically restricts access of molecules to the genome,
thereby governing gene expression and DNA replica-
tion. To enter the nucleus, all molecules must travel
through elaborate macromolecular gateways termed
nuclear pore complexes (NPCs), which fenestrate the
double membrane of the nuclear envelope. The struc-
ture of the NPC is largely conserved throughout all
eukaryotes and is made up of approximately 30 differ-
ent proteins, the nucleoporins, with at least eight copies
of each protein per NPC [1,2]. It is believed that groups
of nucleoporins associate into distinct but interacting
subcomplexes which are repeated to give the NPC its
characteristic eight-fold symmetry. 
How an NPC is built from nucleoporins has been a
question of intense interest for many years. The assem-
bly of nucleoporins into substructures, which together
form the NPC, must be coordinated with changes in
membrane structure to produce a trans-cisternal
channel through the nuclear envelope in which the NPC
is positioned. This process probably involves integral
membrane proteins that become part of the NPC.
Moreover, NPCs are intimately linked to chromatin and
interaction with protein networks such as the nuclear
lamina that underlie the nuclear envelope in metazoan
cells. The last year has seen advances in understand-
ing the molecular mechanisms of NPC formation
including the identification of early assembly intermedi-
ates [3–5] and new evidence for the role of nuclear
transport factors in this process [6,7]. 
In metazoan cells, NPC formation is timed to occur at
two points in the cell cycle, during S phase and near the
end of mitosis. During S phase, there is a doubling of the
total number of NPCs — while this process is probably
coordinated with new membrane synthesis, the NPCs
appear to be assembled across the intact nuclear enve-
lope membrane. Later, during prometaphase, NPCs are
disassembled and then rebuilt again from their disas-
sembled components during telophase, as the nuclear
envelope reforms around the daughter chromatin. 
This late mitotic assembly process has been the more
extensively studied, largely because of the availability of
in vitro assays using Xenopus egg extracts containing
soluble proteins and membrane vesicle fractions which
together are capable of reconstituting nuclear envelope
formation around chromatin. Use of this assay system
has led to the identification of distinct intermediates in
NPC formation and revealed the roles of some individ-
ual nucleoporins in this process. Recently, the use of
small interfering RNAs (siRNAs) to deplete levels of pro-
teins in tissue culture cells has also emerged as a pow-
erful tool for evaluating the role of individual nucleo-
porins in the assembly and stability of NPCs.
Using the siRNA methodology, two groups [3,4] have
independently examined the effects of reducing levels
of two nucleoporins, Nup107 and Nup133, in human
cells. These nucleoporins, along with Nup96, Nup160,
Nup85 and Sec13, are members of a NPC subcomplex
— the Nup107–Nup160 complex — which is conserved
in all eukaryotes so far examined and is recruited to
chromatin early during progression through mitosis [8].
Boehmer et al. [3] and Walther et al. [4] both observed
that downregulating the levels of either Nup107 or
Nup133 leads to a corresponding decrease in the
amounts of a number of different nucleoporins at the
nuclear envelope, including other members of the
Nup107–Nup160 complex. Coincident with these
changes, the number of NPCs within the nuclear enve-
lope also decreases.
Although the results of the siRNA experiments are
consistent with the idea that the Nup107–Nup160
complex plays a key role in NPC assembly, on their
own they do not provide clear mechanistic insight. This
question has been addressed using the Xenopus in
vitro system by Walther et al. [4], and in a separate
study by Harel et al. [5]. Both of these groups reported
that immunodepletion of the Nup107–Nup160 complex
inhibited recruitment of nucleoporins to the nuclear
periphery and also NPC assembly, but has no effect on
formation of the nuclear envelope membrane — now
largely devoid of NPCs — or chromatin decon-
densation. This phenotype of a ‘poreless’ nuclear
envelope forming around the chromatin is similar to
that observed when nuclear envelope assembly is per-
formed in the presence of the calcium chelator BAFTA.
BAFTA does not, however, affect the binding of the
Nup107–Nup160 complex to chromatin, suggesting
that it inhibits a step downstream of those initiated by
this complex [4,5].
Walther et al. [4] found that inhibition of NPC
formation caused by immunodepletion of the Nup107–
Nup160 complex could be partially reversed by addition
of a purified preparation of the complex to the depleted
assembly extract, but only if added prior to assembly of
the intact nuclear envelope membrane. Strikingly, they
also observed that the Nup107–Nup160 complex, unlike
a number of other nucleoporins, can apparently bind to
chromatin in the absence of membranes, suggesting
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that the recruitment of this complex to the chromatin
surface occurs before visible nuclear envelope mem-
brane formation, consistent with in vivo localization
studies [8]. This suggested that an initial step in the
process of post-mitotic nuclear envelope assembly is
the recruitment of a subcomplex of the NPC to the
surface of the condensed chromatin prior to membrane
formation [4].
This concept is not a new one — since the 1970s
several groups studying nuclear envelope assembly
using electron microscopy techniques have described
the presence of annular structures or ‘prepores’
associated with mitotic chromosomes in the absence
of membranes ([9] for example). But the recent studies
of the Nup107–Nup160 complex [4,5], as well as one
suggesting Nup153 also binds to chromatin prior to
membranes [10], provide the first molecular evidence
for this assembly intermediate. In the model proposed
by Walther et al. [4], the binding of the Nup107–
Nup160 complex to chromatin would be followed by
their association with membranes through either
peripheral or integral membrane nucleoporins. These
events would presumably trigger the formation of a
trans-cisternal channel and the assembly of additional
NPC substructures. 
How are NPC reassembly and the formation of the
nuclear envelope around chromatin controlled during
mitosis? In part, these processes are likely regulated
by phosphorylation/dephosphorylation reactions, as
reassembly is coincident with a decline in protein
kinase activity at the end of mitosis. However, the posi-
tional signal to reassemble specifically around chro-
matin seems to come primarily from the small GTPase
Ran. Ran–GTP is produced specifically in the vicinity of
chromatin during mitosis, because of the chromosomal
localization of RCC1, the Ran-specific guanine
nucleotide exchange factor (RanGEF). Production of
Ran–GTP is required for the stability of the nuclear
envelope during mitosis in fission yeast [11], and also
for formation of a nuclear envelope containing NPCs in
Xenopus egg extracts [12,13]. Ran plays multiple roles
during these processes, being involved among other
things in chromatin decondensation, recruitment of
membrane vesicles to chromatin, fusion to form intact
nuclear envelope membranes and the assembly of
NPCs [14].
Recently, Walther et al. [6] have provided insight into
the mechanistic basis for the role of Ran in NPC
assembly again using in vitro Xenopus nuclear enve-
lope assembly assays. They have shown that Ran–GTP
can stimulate NPC formation, both along the chromatin
surface during nuclear envelope reassembly and within
the endoplasmic reticulum to form structures called
annulate lamellae. An important step in this process
appears to be the Ran–GTP induced release of karyo-
pherin-β1/importin-β from soluble members of the
Nup107–Nup160 complex, which then allows the
assembly of larger nucleoporin complexes and their
chromatin association [6]. This role for karyopherin-
β1/importin-β in NPC assembly is also supported by
observations from Harel et al. [7] that supraphysiolog-
ical levels of karyopherin-β1/importin-β block NPC and
nuclear envelope formation, although not vesicle
binding to chromatin. 
Previous work [15] had shown that depletion of karyo-
pherin-β1/importin-β disrupts the localized induction of
nuclear envelope by Ran, a process that is also inhibited
by high levels of karyopherin-β1/importin-β. Together,
these results suggest a model (Figure 1) in which karyo-
pherin-β1/importin-β supports vesicle recruitment to
chromatin, but restricts NPC formation through interac-
tion with individual nucleoporins, preventing their
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Figure 1. Nuclear envelope (NE) and nuclear pore complex (NPC) assembly.
In Xenopus egg extracts, Ran GTPase and its guanine nucleotide exchange factor RCC1 bind to chromatin. Local generation of
Ran–GTP releases nucleoporins such as Nup107, Nup153 and Nup358 [6] from inhibitory complexes with karyopherin-β1/importin-β
(Kap/Imp-β), allowing the assembly of the subcomplexes such as the Nup107–Nup160 complex which associates with chromatin and
seeds NPC assembly. Membrane vesicles recruited by Ran-GTP through a distinct pathway fuse to form the double membrane that
constitutes the NE. Vesicle fusion is also regulated by karyopherin-β1/importin-β [7].
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assembly into complexes unless released by Ran–GTP.
In this way, karyopherin-β1/importin-β is necessary to
ensure that NPC formation occurs only the vicinity of
chromatin where Ran–GTP is generated.
The work described above adds to the evidence from
work on various model organisms, including yeast
[16,17], Caenorhabditis elegans [6,18,19] and Drosophila
[20], pointing to essential roles for karyopherins in
nuclear envelope formation and NPC assembly, adding
to their other documented functions in nuclear trans-
port and mitotic spindle assembly. In each case karyo-
pherins can function to either restrict (as in NPC
assembly and spindle formation) or facilitate (as in
transport) reactions, with Ran–GTP switching these
functions on or off by binding to the karyopherin and
altering its association with interacting proteins. 
One of the most intriguing questions to be faced now
is that of how NPCs are inserted into the preformed
nuclear envelope during S phase in metazoan cells and
throughout the cell cycle in yeasts that have a closed
mitosis and do not breakdown their nuclear envelope.
Perhaps this process is not so different from post-
mitotic nuclear envelope formation, with the exception
that nuclear transport is required to overcome the
barrier of the nuclear envelope membrane and present
the karyopherin/nucleoporin complexes to Ran–GTP
and other assembly factors on the chromatin surface
(see [16]). It is also not clear how the number of NPCs
is controlled or how their distribution is determined.
Answers to these questions will not only provide further
insights into NPC assembly, but also clues to mecha-
nism of nuclear transport and the possible roles of the
NPC in the organization of the genome. 
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